Abstract-A dark current compensation technique for lowlight image sensors is presented in this work. A multi-branch differential integrator circuit is proposed to compensate the effect of dark current in CMOS image sensors. In order to obtain a low level sensing application, a T-type switch with low leakage current is used. The new configuration of multiple-input multiple-output differential amplifier has the advantage of carefully managing the femto-ampere range dark currents of photodiode. The high-sensitivity active-pixel CMOS image sensor using a standard TSMC CMOS 0.18 μm fabrication process has been obtained.
INTRODUCTION
CMOS imaging sensors are taking over the imaging sensor market mainly due to their low cost and low power consumption and compactness. Charged Coupled Device (CCD) imagers were the dominant technology in last two decades due to their image quality and flexibility. However, recent advances in CMOS imaging sensor fabrication process such as PIN photodiodes and back illumination have considerably bridged the gap between CMOS and CCD sensors.
Compared to CCD image sensors, CMOS image sensors have higher dark current and high level of fixed pattern noise [1] . A large dark current in the photodiode array of a CMOS imager limits the sensor's dynamic range considerably by reducing the signal swing. Dark current is the current supplied by the revers-biased photodiode in the absence of illumination [2] . Also, it prevents the sensor from taking images at low illumination levels. Several techniques have been proposed to reduce or compensate dark current. The differential dark current compensation technique cannot effectively reduce the dark current due to the non-uniformity in pixel array [2, 3] . Previous work has shown the significant effect of varying the reverse bias voltage across the photodiode [4] . In this paper, a shielded dummy pixel is added to compensate the dark current effect of the photodiode in adjacent pixels. In [5] multipleinput multiple-output differential amplifier with negative feedback integrator is implemented. The feedback on a differential architecture fixes the integrating nodes of photodiodes to a constant voltage which leads to a more uniform dark current within the pixel array. Therefore, the uniform dark current can be cancelled by subtracting a dummy (dark) pixel output from an illuminated pixel. The multipleinput multiple-output differential technique proposed in [5] cannot sense low illumination levels which needs dark current compensation in the femto-ampere range. The circuit architecture proposed in this work decreases the reset switch leakage which has a negative effect on sensing the photodiode dark current.
The remaining of the paper is organized as follows: In section II, the pixel architecture and the principles of compensating the dark current effect are described; the actual implementation of the circuit is also presented in this section. Results are presented in Section III. Finally, a conclusion is given.
II. PRINCIPAL OPERATION AND PIXEL ARCHTECHTURE

A. Integrator Circuit
Photodetector produces a current proportional to the amount of incident light which is modeled by a DC current source (I PD ). The traditional p+/n-well photodiode is used in the proposed pixel.
An integrator is used to convert the photodiode current to voltage. The integrator circuit consists of an amplifier, an integrating capacitor (C INT ) located in the negative feedback loop and a reset switch transistor in parallel to the capacitor [6] . A circuit using two integrators and two photodiodes is shown in Fig. 1(a) . One of the photodiodes is sensitive to the light and generates photo current and dark current. The other photodiode is shielded from the light and has only the dark current at its output [7] . The circuit is operating in "reset" and "integrating" modes. The output voltage of each op-amp during the reset time (where the switch is close) is equal to V REF , also the output during the integration time (where the switch is open) can be given as:
t int is the elapsed time from the start of the integration phase. So, the output voltage in the integrating time has a negative slope which depends on the intensity of the photodiode current. The structure of two amplifiers in Fig. 1 (a) can be modified into the more compact amplifier presented in Fig.  1(b) . The new amplifier has one non-inverting and two inverting inputs as well as two outputs. In both circuits of Figure 1 , V out2 depends on the photo and dark current of the photodiode (I PD =I Dark +I Photo ) while V out1 depends only on the photodiode dark current (I PD =I Dark ). By subtracting V out1 from V out2 in the integrating phase, the output voltage becomes less dependent on the photodiode dark current:
B. Leakage Current Reduction of Reset Switch
When using a single MOS or CMOS transmission gate (TG) as the reset switch in the integrator circuit, the small dark current of the photodetector cannot build any voltage across the capacitor. This is because the leakage current of the OFF reset switch exceeds the dark current value of the photodiode. Since the switch is open during the circuit integrating mode, the capacitor discharges through the switch's OFF resistor. The discharge happens in a smaller time constant than the time needed for the capacitor to charge with the dark current of the photodiode.
The sub-threshold leakage is the dominant leakage current contribution in MOSFETs [8] . Subthreshold leakage is the current from source to drain when the MOSFET is in OFF mode. This leakage current, I SUB , results from the diffusion of minority carriers in the MOSFET channel when the V gs is less than the threshold voltage. I SUB is calculated using the following formula:
where W and L are the width and length of the transistor, C ox is the gate oxide capacitance, μ is the carrier mobility, γ is the linearized body effect coefficient, η is the DIBL coefficient, V T is the thermal voltage and n is the subthreshold swing coefficient.
Various techniques have been presented to reduce subthreshold leakages in MOSFET transistors. In the integrator circuit, a T-type switch is used as a reset switch for reducing the subthreshold leakage current of the switch by putting the V ds of the MOS to zero [7] . As shown in Fig. 2 and NM2 is OFF. By using the TG switches instead of NM1 and NM3 in the T-type configuration, the charge injection effect of the switch could be reduced. Since the design aims at reducing the number of transistors in a pixel, the simple configuration of the T-type switch with three transistors is used. The leakage current of the single MOS switch is in the range of few hundreds of pico-amperes while the leakage current of the T-type switch can be below 1 fA [7, 9, 10] .
C. Actual Implementation
The innovative multi-branch differential amplifier for compensating the effect of dark current in CMOS image sensors is presented in [5] . The dummy pixel and a nonshielded pixel of the multi-branch amplifier are shown in Fig.  3 . In the dummy pixel of the circuit, the capacitor cannot be charged using the small dark current value of photodetector during the integration time (when the TG switch is OFF) because the mean value of the switch's leakage current which discharges the capacitor is 2.5 fA (through path 2) while the photodiode dark current is 0.5 fA. Also in the non-shielded pixel of Fig. 3 , the capacitor is discharged through the OFF resistor of the TG switch (through path 1) while being charged by the photodiode current. In the proposed architecture, the TG switch in the non-shielded pixel is replaced by a T-type switch with a smaller leakage current. The replaced switch doesn't prevent the capacitor from being charged by the photodiode dark current since the switch leakage is less than the photodiode dark current. Replacing the TG switch by Ttype switch in dummy pixel cannot solve the switche's leakage problem, because in this configuration, the drainsource voltage of transistor in T-type switch is not equal to Fig. 3 . Dark current compensation circuit of [5] .
zero during the integrating mode of the circuit. We find that an effective low-leakage T-type switch can be implemented only when it is placed in the feedback path of the circuit in Fig. 2 . Therefore, the configuration of the shielded dummy pixel should be modified to a new structure with feedback. Changing the configuration of the circuit in [5] leads to a new structure of multiple-input multiple-output integrator which is shown in Fig. 4 . In this design, one dummy pixel is shared with an entire row of pixels and its dark current is subtracted from the output voltage of each pixel in a row. Therefore, the subtractor circuit gives an output voltage where the contribution of the photodiode dark current has been greatly reduced. The subtractor circuit in [11] is implemented in a column amplifier at the bottom of the pixel array. Implementing a complete differential amplifier in each pixel reduces the fill factor and increases power consumption. The proposed solution is achieved by implementing multiple-input multiple-output differential amplifier; the amplifiers would have one non-inverting and a several inverting inputs as shown Fig. 4 . The number of inverting inputs is equal to the number of pixels in a row plus a dummy pixel. Unlike the old configuration, the new setting provides constant switch voltages in the non-inverting and inverting inputs of the opamp which lead to a more effective low-leakage T-type switch. Figure 5 shows the pixel layout and added circuit needed for the dummy pixel. The capacitor is put in top of the non-photosensing part of the pixel and the size of each pixel is 9×9µm 2 for a fill factor of 35%.
III. POST-LAYOUT SIMMULATION RESULTES AND
DISCUSSION
By simulating the circuit in Fig. 4 , the graph in Fig. 6 a) is obtained. According to (1) , the graph shows that during the integration time, the output voltage of each pixel has a slope which depends on the total photodiode current (I PD =I Dark +I Photo ) of the related pixels. During the reset mode, the output is equal to . The integration and reset times are selected to be 30 ms and 10 ms. All photodetectors in Fig. 4 are modeled by a constant current sources. In this simulation the current of the dummy pixel is set to I Dark =0.5 fA and the other pixels photodiode current are chosen to be I PD1 =15 fA and I PD2 =30 fA. The integrating capacitor is a MIMCAP of 30fF. As shown in Fig. 6 b) , by subtracting the output voltage of pixels with I PD =15 fA and 30 fA from the output voltage of the dummy pixel, the output no longer depends on the photodiode dark current. The voltage subtracting circuit is implemented in the column amplifier level.
The circuit is also tested by comparing the results of three types of switch: TG, ideal and T-type switches. As shown in Fig 7, the leakage current of the TG switch is in the range of pico-ampere. This is larger than the photodiode dark current value which is in the femto-ampere range and affects the output voltage. Simulating the circuit with a T-type switch compared to an ideal switch leads to the negligible error of few millivolts at the output ( Different offsets at the starting point of the integration time of the graphs is due to charge injection effect of different structure of switches).
The Histogram of Figure 8 a) presents the output slope of the subtractor in the compensated circuit for a photo-current of 30 fA and a dark current of 0.5 fA. The value of 0.5 fA has been determined from the process specification data sheet. Process parameters variations have been investigated through a MonteCarlo analysis. Here the 70 iterations show the spread of the slopes with average of 8.4646 V/ms. In order to see the effect of the dark current, the same simulation for a non-compensated circuit has been performed. As expected, the slope average is higher in Figure 8 b) since nothing is subtracted from the pixel sensitive to light, thus decreasing the dark current due to the dynamic range. The standard deviation of the distributions of Figure 8 allows to calculate the Signal-to-Noise Ratio (SNR) as result of the fixed pattern noise only. According to [12] , the SNR for the compensated circuit is 16 dB while for the uncompensated circuit is 9.5 dB. Also the obtained SNR value for the photocurrent of 120 fA in compensated and uncompensated circuits are 41 dB and 21 dB respectively. As expected, as the photocurrent increases, both compensated and uncompensated SNR increase.
IV. CONCLUSION
A multiple-input multiple-output differential integrator for compensating the effect of dark current is proposed. By using the T-type switch configuration as the reset switch in the new structure, the leakage current of the reset switch is highly reduced. The proposed technique enables a low-level sensing application for image sensor by increasing the dynamic range. 
